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Abstract 13 

We report here the preparation of co-assembled microcrystals by employing an easy, 14 

reproducible and cost-effective technique, namely slow diffusion. 2H-Benzo[d][1,2,3]triazole 15 

and benzo[c][1,2,5]thiadiazole were chosen as host and guest skeletons, respectively. Structural 16 

similarities allowed the correct co-assembly of the two structures. The co-assemblies were 17 

studied by different techniques that included Raman spectroscopy and X-ray diffraction, 18 

amongst others. The waveguiding properties and the emission colour of the doped organic 19 

microcrystals were also investigated. It was found that changes in the molar ratio of the 20 

different doping agents could tune the light emission. Fluorescence microscopy images of the 21 

co-assembled microcrystals revealed light colour changes from green to whitish, up to CIE 22 

coordinates of (0.370, 0.385). These tunable colour-active materials could be useful in the fields 23 

of optoelectronics or lab-on-a-chip for integrated optical circuits at micro-/nanoscale. 24 
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1. Introduction 30 

Organic semiconductor micro-/nanocrystals with regular shapes have attracted a great deal of 31 

attention in recent years for many applications, such as organic field-effect transistors 32 

(OFETs),1 organic waveguide devices,2 and organic solid-state lasers (OSSL).3 As a 33 

consequence, these systems are inherently ideal building blocks for key circuits in the next 34 

generation of miniaturised optoelectronic devices.4  35 
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Nevertheless, one of the main problems with organic molecules used in the solid state for 36 

optoelectronics is their low fluorescence quantum efficiency, which is due in part to the 37 

aggregation-induced quenching (AIE) phenomenon.5 This problem can be solved by using co-38 

assembled structures6 formed by one (or more) molecule(s), one of which acts as a dopant and 39 

the other(s) as a guest. According to Förster's resonance energy transfer (FRET) mechanism,7 40 

the energy absorbed by the host molecules can be transferred to the guest molecule, thus leading 41 

to light emission and possibly avoiding reabsorption by the organic materials. This process has 42 

been shown to be particularly efficient in supramolecular aggregates and it is often used as a 43 

tool to tune the emission of individual particles.8 In this way, different emission colours can be 44 

obtained in co-assembled structures by simply adjusting the molar ratio between host and 45 

dopant materials, since even small quantities of the latter dispersed in aggregates are sufficient 46 

to modify the emission spectrum and confirm an efficient energy transfer.9 47 

The next generation of optoelectonic devices will be based on nanophotonics, a discipline in 48 

which the aim is to control and manipulate photons and/or optical energy in nanometer-scale 49 

matter. Optical waveguides are one of the essential components of these new devices.10 Doping 50 

systems can be excellent candidates to be part of these devices. However, to date the most 51 

widely reported organic doping systems are amorphous.11 Since the crystallinity of 52 

nanomaterials can improve their charge carrier transport and enhance the performance of optical 53 

and optoelectronic devices,12 the development of organised co-systems is essential for 54 

optoelectronic applications. Different approaches have been employed to obtain organised co-55 

assembled systems, including electrospinning13 and template-assisted8 and adsorbent-assisted 56 

physical vapour deposition (PVD) methods.14 These methods are often tedious and require 57 

specific instrumentation. Solution-based methods are a suitable alternative to overcome these 58 

drawbacks.15,16 Slow diffusion is an easy, reproducible and cost-effective technique that can 59 

produce organised structures without specialised equipment. 60 

It is well known that organic white-light emission (WLE) materials are essential for full-colour 61 

displays and the backlight of portable display devices.17 For this reason, modulation of colour 62 

emission is a crucial factor in current research. Several supramolecular approaches have been 63 

reported for WLE generation by self-assembly18 or gelation19 of molecular building blocks that 64 

emit the three primary colours, i.e., red, green, and blue. 65 

In the last few years our ongoing research line has been based on the design and preparation of 66 

new organic optical waveguides based on azole and benzoazole derivatives.20 In this respect, we 67 

recently described the doping of a 2H-benzo[d][1,2,3]triazole derivative with graphene. This 68 

strategy allowed us to modulate the emission colour of the graphene-modified aggregate.21 69 

In the work described here we studied different co-assembled structures from derivatives 1 and 70 

2 (Figure 1) previously prepared by our research group by means of Sonogashira C–C cross-71 

coupling reactions between the dibromobenzotriazole or dibromobenzothiadiazole derivative 72 
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and the corresponding arylacetylene.20c-e The 2H-benzo[d][1,2,3]triazole core was selected as 73 

the donor host skeleton due to its exceptional ability to form well-defined rod-like self-74 

assembled aggregates.20c This core is able to emit in the blue and near green regions. Doping of 75 

the benzotriazole 1 with the green and red dye derivatives of benzo[c][1,2,5]thiadiazole 2 as 76 

guest molecules21 allows the light emission to be successfully tuned from the green to the 77 

orange region and the colour can be adjusted by simply modifying the molar ratio. The similar 78 

structures of the host and guest molecules ensure the confinement and proximity of donor and 79 

acceptor molecules in co-assembled microstructures, thus resulting in efficient FRET in the 80 

donor-acceptor system.7  81 

82 
 83 

Figure 1. Structures of derivatives 1 and 2 used as host and guest materials, respectively. 84 

 85 
2. Results and Discussion 86 

2.1 Self-assembly behaviour 87 

Organised supramolecular co-assembled structures were obtained by the slow diffusion 88 

technique. Thus, 10−3 M stock solutions of 1 and 2 were prepared in THF. Five different doping 89 

ratios 1:2 were chosen as follows: 1:0.1; 1:0.3; 1:1; 1:3; 1:9. The specific compositions 1:2 were 90 

obtained by mixing the appropriate volumes to form 1 mL of THF solution. An open sample 91 

vial containing the mixed solutions was gently placed in a vessel containing MeOH as the poor 92 

solvent and the system was sealed. After several days of slow diffusion, a uniform precipitate 93 

was observed in the inner vial. It is interesting to note that co-assembled structures are only 94 

formed up to 1:0.3 molar ratios. In order to avoid false luminescence emission signals arising 95 

from remaining solutions of doping agents that could coat the co-assembled crystals, the 96 

crystals were washed with two different solvents: hexane and methanol. Despite the fact that 97 

both solvents removed the coating products, methanol, being a more polar solvent, could 98 
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dissolve some of the crystal and it was found that hexane was the best option to ensure the 99 

integrity of the crystal (compare Figures 2 and S1–S2).  100 

Visual changes confirmed that a co-assembly process had taken place and dye leakage was not 101 

observed during the preparation process. Homogeneous crystals were formed with a different 102 

colour from the pure host. Whereas pure 1 forms clear yellow crystals with an intense yellow 103 

emission under 365 nm (Figure 2A,B), the colour of doped 2a and 2b crystals were clear orange 104 

(Figure 2I,J) and red (Figure 2K,L), respectively, due to the incorporation of the doping 105 

compound into the host structure. More strikingly, 2c-doped crystals were dark brown when the 106 

co-assembly process was completed (Figure 2M,N), thus providing evidence that all of the 107 

acceptor dyes 2 had been doped into the organic microcrystals of 1. It is worth noting that in 108 

cases where the slow diffusion conditions were not satisfactory (solvent, temperature, 109 

proportions, time etc.), co-assembled crystals did not form and separate precipitates of pure host 110 

and guest molecules were observed (Figure S3). In order to ascertain whether co-assembled 111 

structures were formed in the slow diffusion process, 1 mL of a pure solution of 2a and 2c was 112 

added to pure microcrystals of 1. After several days neither visual changes nor different 113 

emission were observed in the crystals of 1 (Figure S4). Thus, the co-assembly process only 114 

takes place if slow diffusion is carried out. 115 

 116 
Figure 2. Pure self-assembled crystals of 1 (A,B), 2a (C,D), 2b (E,F) and 2c (G,H) under 117 
natural light and irradiated at 365 nm. Pictures of the co-assembled structures (I–N) with the 118 
doping agents represented. All structures were removed from their original solution and washed 119 
with hexane in order to avoid false emission signals. 120 
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 121 
 122 

The resulting morphologies of the co-assembled crystals were visualised by scanning electron 123 

microscopy (SEM) on glass substrates (Figure 3). Pure benzotriazole 1 produced well-defined 124 

rod-like aggregates that were hundreds of micrometres in length by slow diffusion using 125 

chloroform (CHCl3) as the good solvent and acetonitrile (CH3CN) as the poor solvent.20c 126 

However, the use of THF/MeOH as solvents in the slow diffusion process gave ultra-long self-127 

assembled needle-like crystals that were several millimetres in length – a process that could 128 

facilitate their use in optoelectronic devices (Figure S5).  129 

It was found that the percentage of doping agents must be less than 25% in order to favour 130 

crystal growth by the slow diffusion technique. In general, when compared with pure 131 

microcrystals of 1, the co-assembled structures had very few morphological differences, which 132 

indicates that the host (1) has a greater tendency to aggregate than the guest (2) and the acceptor 133 

organic molecules will not affect the macroscopic crystallinity of the as-prepared organic 134 

microstructures (Figure 3). In the case of 2c only a 1:0.1 host:guest ratio afforded co-assembled 135 

structures. 136 

In general, co-assembled structures are more planar than pure self-assembled 1 (Figure 3E-I vs. 137 

A) and this is especially noteworthy in the case of 2c-doped crystals (Figure 3I). 138 

 139 
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Figure 3. SEM images of pure self-assembled 1 and 2, and the resulting morphologies of 1:0.1 140 
and 1:0.3 molar ratio co-assembled structures obtained by slow diffusion of MeOH vapour into 141 
dilute THF solutions. 142 
 143 

NMR spectroscopy was employed in an effort to confirm further that the co-assembly process 144 

of both derivatives occurred effectively. Hexane-washed co-assembled crystals 1:2a (1:0.3) 145 

were dissolved in 600 µL of CDCl3. The proton signals of both 1 and 2 were observed in the 146 

NMR spectra and this confirmed that the two molecules coexist in the crystal (Figure S6). 147 

Furthermore, other spectroscopic techniques were applied to obtain information about the co-148 

assembled system and these are discussed in the following sections. 149 

 150 

2.2 Raman analysis 151 

A Raman spectroscopy study was performed on selected samples. After an initial screening it 152 

was only possible to carry out Raman spectroscopy on compound 2c. The high fluorescence of 153 

derivatives 2a and 2b precluded their study by this technique. The identification of each 154 

component was made on the basis of the intensity of a specific peak. The peak at 1416 cm−1 was 155 

chosen for compound 1 and for compound 2c the peak at 1334 cm−1 was selected as a 156 

representative feature.  157 

Representative Raman spectra for organic compounds 1 and 2c are shown in Figure 4. Given 158 

the vibrational nature of Raman spectroscopy, the different peaks can be ascribed to specific 159 

vibrations according to the molecular structure. Compound 1 presented the alkyne stretching 160 

band at 2200 cm–1 as the most prominent feature. Furthermore, aromatic ring vibrations also had 161 

a strong presence in the spectrum, namely the N=N and C=C stretchings at 1416 cm–1 and 1572 162 

cm–1, respectively. Compound 2c had a Raman profile that was similar to that of the host (1) in 163 

terms of the alkyne and aromatic C=C bands, while other bands related to other carbon bonds, 164 

such as C–C stretching (1283 cm–1) and methyl bending (1334 and 1481 cm–1), were observed. 165 
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 166 
Figure 4. a) Raman spectra (532 nm laser) of compounds 1, 2c, and the mixture of 1:2c (1:0.1 167 
ratio). The assignments of the main vibrational bands are depicted. Dashed vertical lines 168 
indicate the peaks used in the two-dimensional mapping to identify each compound: green for 169 
compound 1 and red for compound 2c, with interference not observed between the two sets of 170 
signals. b) Inset of the lower part of the spectra, for the sake of clarity, showing the selected 171 
1334 cm−1 band belonging to compound 2c. 172 
 173 
In the two-dimensional Raman mappings (Figures 5, S1 and S2) specific colours were assigned 174 

to each peak (red for 1334 cm−1 and green for 1416 cm−1) and these were plotted 175 

simultaneously, using Wire 4.4 software, according to the intensity of the respective peaks. This 176 

process allowed us to ascertain the relative disposition of each compound in the mixtures. 177 

In general terms, it can be seen how the co-assembled crystals 1:2c (1:0.1) present an uneven 178 

distribution of the two components within the crystal. Thus, by Raman spectroscopy it was 179 

determined that these crystals are formed by a matrix of aggregated 1 with small clusters of 2c 180 

randomly scattered across the structure (Figure 5). This trend was still visible after the crystals 181 

were washed with hexane (Figure 5 and S1). However, a different situation was observed when 182 

the crystals were washed with methanol (Figure S2). In this case, the distribution of 2c islands 183 

within 1 became unclear and the resulting colour mapping suggested that a merging of the two 184 

compounds had taken place. This finding is in good agreement with the experimental 185 

observations that methanol is able to partially dissolve the crystalline structure of this mixture. 186 

 187 

2c 
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 188 
Figure 5. 2D Raman mapping (532 nm laser) of a selected region of a co-assembled crystal 189 
1:2c (1:0.1) from characteristic bands of 1 (in green) and 2c (in red). Numbers in the coloured 190 
bars are arbitrary. 191 
 192 

2.3 X-ray analysis 193 

The crystal structures of the binary nanomaterials were studied by X-ray diffraction (XRD) and 194 

the profiles of the pure and doped nanowires were obtained. For the different compounds the 195 

diffraction pattern of the binary nanowires shows diffraction peaks for the host and guest 196 

compounds. This indicates that 1 is also crystalline in the doped nanomaterials but the 197 

formation of a co-crystal or superlattice-type composite crystal did not occur (Figures 6, S7 and 198 

S8). Furthermore, a significant displacement of the peak at 2θ = 15.00º of the structure of 1 can 199 

be observed (which corresponds to an interplanar spacing of 5.90 Å) to 2θ = 14.68º (interplanar 200 

spacing of 6.03 Å) in the doped structure. This may indicate that for molecules of 1 the 201 

interplanar spacing along the b-axis increases in order to accommodate molecules of 2a. This 202 

peak displacement appears in the three doped nanowires, probably due to the similar structures 203 

of the doping agents. 204 

Comentario [JM4]: diffraction 
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 205 
Figure 6. XRD patterns of the pure compounds 1 (green) and 2a (blue), and the doped organic 206 
microcrystal with 1:2a (1:0.3) (red). The stars indicate the diffraction peak of 2θ = 14.68º for 1, 207 
which exhibits a significant displacement in the doped structures. The numbers ‘1’ and ‘2a’ 208 
indicate the diffraction peaks of the pure structures 1 and 2a, respectively. Crystal planes were 209 
assigned from the X-ray structures of the pure compounds.   210 
 211 

2.4 Photophysical features  212 

The optical spectra of compounds 1 and 2 were experimentally measured in tetrahydrofuran 213 

(THF) (Figure 7). Only a slight overlap between the emission band of 1 and the absorption band 214 

of 2a can be seen in Figure 7A. However, it should be noted that the emission spectrum of 1 215 

shows a good overlap with the absorption spectra of 2b and 2c in the wavelength range 450–600 216 

nm (Figures 7B and 7C, respectively), which may result in efficient energy transfer from the 217 

host 1 to the guest 2 in the doped system. Doping organic derivatives 2 as acceptors into a donor 218 

host matrix of benzotriazole 1 ensures confinement and proximity of the two molecules within 219 

self-assembled microstructures, thus resulting in efficient FRET in the donor-acceptor 220 

system.15,22 221 

 222 
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 223 
Figure 7. Absorption and emission spectra of pure 1 (green), 2a (orange), 2b (red) and 2c 224 
(purple). Overlap between the absorption spectrum of 1 and fluorescence spectrum of 2 is 225 
denoted with grey lines. All spectra were measured in THF solution. PL spectra were measured 226 
after excitation at the maximum absorption peak of the corresponding compounds. Absorption 227 
spectra of compounds 2 were normalised to its ICT band.  228 
 229 

2.5 Optical waveguiding properties 230 

Considering the previously reported results on the optical waveguiding features of the related 231 

pure compounds 120c and 2a,20e we investigated the propagation of light in the aggregates 232 

formed from co-assembled structures. These studies were carried out by fluorescence 233 

microscopy. Pure 1 aggregates exhibited blue and green bright luminescence spots at the 234 

opposite ends and a relatively weak emission from the body when it was irradiated at one end 235 

(Figure S9). 236 

The co-structures discussed above were irradiated with a laser beam at different λ values and 237 

the resulting fluorescence images were recorded with a camera (Figure 8). When benzotriazole 238 

1 was doped with 10% of 2a (1:0.1 molar ratio) only green light was propagated through the 239 

structure (Figure 8A). Interestingly, when the proportion of the doping agent 2a was 25% 240 

(doping ratio 1:0.3), the structure was also able to propagate red light (Figure 8B). This finding 241 

provides evidence that changes in the doping agent ratio can modify the propagated light. A 242 

similar result has been reported previously in the literature.17d 243 

Co-assembled structures containing compound 2c only propagated red light when they were 244 

irradiated at one end (Figure 8D). This characteristic could due to the large overlap between the 245 

emission band of 1 and the absorption band of 2c at 430–570 nm (Figure 7C), which would 246 
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favour the reabsorption of light. When the host structure was doped with 2b both green and red 247 

light were propagated through the structure (Figure 8C). A lower level of overlap between the 248 

emission band of 1 and the absorption band of 2b is observed in the PL spectra of pure 249 

compounds, which indicates that the reabsorption process is less effective (Figure 7B). These 250 

results show that the presence of different doping agents can modify the emission colour of the 251 

molecular aggregate with waveguide properties. In this specific case, the dopant dyes cause a 252 

bathochromic shift in the emission colour of 1, which changes from blue and green emission to 253 

green-red or red emission with the appropriate ratio of doping agent.  254 

 255 

 256 
Figure 8. Fluorescence images of the co-assembled aggregates 1:2a 1:0.1 molar ratio (A), 1:0.3 257 
molar ratio (B), 1:2b 1:0.3 molar ratio (C), and 1:2c 1:0.1 molar ratio (D) obtained by 258 
irradiating a portion of the aggregate at 320–380 nm (blue), 450–490 nm (green), and 515–565 259 
nm (red). The propagated light at the end of the crystal is shown with a white dashed circle and 260 
the direction of the light with a dashed arrow.  261 
 262 

2.6 White light-emission 263 

It is well known that a mixture of blue, green and red chromophores can afford structures that 264 

emit white light.17 Bearing this in mind, it was decided to carry out a photophysical study on 265 

mixtures of compound 1 with different compositions of the three doping agents. The 266 

fluorescence emission spectra of solutions are shown in Figure 9.  267 
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In mixtures with 2a only one broad emission band can be observed due to the low Stokes shift 268 

(79 nm) between the emission bands of 1 and 2a (Figure 7A and 9A). Mixtures made with 269 

derivative 2c showed very poor emission in solution (Photoluminescence Quantum Yield, 270 

PLQY = 0.08%),23 so an emission band corresponding to this compound was not observed in 271 

the fluorescence spectra of the mixture (Figure 9C) and only a decrease in the intensity of the 272 

band due to 1 was observed as its molar ratio decreased.   273 

In the case of 2b, for which the PLQY was 67%23 and where the Stokes shift between the 274 

emission bands of 1 and 2b was 127 nm, the mixed solution of compounds showed two 275 

dominant emission bands located at around 500 and 600 nm. These bands can be attributed to 276 

molecules of compound 1 and the dopant 2b, respectively (Figure 9B).  277 

The emission wavelengths of both 1 and 2 did not show any obvious differences from those of 278 

the monomers, so the emission colour of the as-prepared binary 1D microstructures was mainly 279 

dependent on the doping ratio. Luminescence photographs of the solutions upon increasing the 280 

dopant ratio with excitation 365 nm are shown in Figure 9. The colours of the solutions are 281 

consistent with the corresponding emission spectra. In general, the presence of higher levels of 282 

doping agent (2) gave rise to lower emission of the host (1).  283 

It is worth noting the presence of a broad emission band (450–700 nm) and a visual white 284 

emission of the solution 1:2b when the doping ratio was 1:0.3 (Figure 9B), which hints at a 285 

possible white emission in the solid state for the crystal with this doping ratio. 286 

 287 
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 288 
Figure 9. Fluorescence spectra and luminescence photographs of THF solutions of 1 upon 289 
increasing the dopant ratio of 2a (A), 2b (B) and 2c (C). Luminescence photographs were taken 290 
under natural light (above) and 365 nm light (below). 291 
 292 

The optical properties of the co-assembled structures with different doping ratios were also 293 

investigated and the PL spectra of the as-prepared microcrystals are shown in Figure 10c.  294 

The confocal microscopy images (Figure 10a) of the co-assembled microrods reveal only slight 295 

colour changes from green to whitish upon increasing the molar doping ratio – an observation 296 

that indicates the successful modulation of the light emission of the organic microcrystals. The 297 

uniform emission colour of each single wire reveals that the guest molecules of 2 are dispersed 298 

very uniformly in the matrix 1, which is in good agreement with Raman spectroscopy data 299 

(Figure 5). The CIE coordinates of these pure and co-assembled structures are presented in 300 

Figure 10b. The CIE coordinates (0.370, 0.385) of the microcrystals with a 2b doping ratio of 301 

1:0.3 correspond to the white-emissive region in the CIE chromaticity diagram. 302 

Doping ratios of 1:0.2 and 1:0.5 were also tested with 2b as the doping agent (Figures S10 and 303 

S11). It was found that a 1:0.2 ratio was not sufficient to achieve white emission and pale-304 

yellow crystals were obtained. In contrast, a 1:0.5 ratio gave green-yellow crystals. 305 

 306 
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 307 
Figure 10. a) Fluorescence microscopy images of the microcrystals containing different doping 308 
ratios of 2 upon excitation at 425–650 nm; b) The emission colours corresponding to the 309 
organic microcrystals shown in (a) the CIE chromaticity diagram. The white emission colour is 310 
marked as a red circle in the CIE chromaticity diagram; c) Emission spectra of the microcrystals 311 
shown in (a) deposited onto quartz wafers. 312 
 313 

3. Conclusions 314 

The 2H-benzo[d][1,2,3]triazole core has been employed as a host skeleton to prepare well-315 

defined co-assembled microcrystals. The exceptional ability to form well-defined rod-like self-316 

assembled aggregates and the blue and near-green emission of this compound has been 317 

successfully combined with the intense green and red emissions of benzo[c][1,2,5]thiadiazole 318 

guest molecules.  319 

The co-assembled microcrystals were obtained by the slow diffusion technique, which is an 320 

easy, reproducible and cost-effective approach. Five doping ratios were tested and it was found 321 

that the percentage of doping agent must be less than 25% in order to favour crystal growth.   322 

All of the co-assembled microcrystals prepared in this study showed impressive visual colour 323 

changes from the pure host, thus confirming that a co-assembly process had successfully taken 324 

place. The arrangement of the co-assembled structures was analysed by different spectroscopic 325 

and microscopic techniques.  326 

Comentario [JM5]: lower 



15 
 

SEM analysis did not indicate any significant morphological differences in the structures of the 327 

co-assembled microcrystals when compared to pure 1. This finding indicates that the host 328 

material drives the formation of the organised co-assembled structures.  329 

X-ray diffraction analysis revealed that the crystallinity of the host material (1) remains 330 

unaltered when the guest material (2) is incorporated, and a co-crystal or superlattice-type 331 

composite crystal is therefore not formed. However, it was found that molecules of 1 increase 332 

their interplanar spacing along the b-axis in order to accommodate molecules 2.  333 

Evidence for a randomly scattered distribution of the guest molecule (2c) in the matrix structure 334 

of the host molecule (1) was provided by Raman spectroscopy. 335 

The co-assembled microcrystals can act as optical organic waveguides and the propagation of 336 

the light in the resulting aggregates could be modulated by altering both the doping agent and 337 

the doping ratio. The light reabsorption process must be avoided in order to allow propagation 338 

of light with a different wavelength along the co-assembled microcrystals. 339 

The emission spectra of the mixed solution of 1:2b with a 1:0.3 molar doping ratio revealed the 340 

presence of a broad emission band (450–700 nm) and a visible white emission from the 341 

solution. The CIE coordinates of this solid co-assembled aggregate were (0.370, 0.385). Colour 342 

changes in the light from green to orange were observed for the rest of co-assembled 343 

microcrystals and this indicates successful modulation of the light emission of the organic 344 

microcrystals.  345 

 346 

4. Experimental details 347 

Compounds 1 and 2a-c were prepared according to experimental procedures described by our 348 

research group.20e,c, 23 349 

SEM images were obtained on a JEOL JSM 6335F microscope working at 15 kV. The samples 350 

for SEM imaging were prepared by slow diffusion by mixing the appropriate proportions of 351 

compounds 1 and 2. The corresponding solids were washed with hexane and deposited onto a 352 

glass substrate, with the remaining solvent evaporated at room temperature. 353 

Raman spectra were recorded on a Renishaw inVia™ microspectrophotometer using a 532 nm 354 

wavelength laser (85 mW effective output power), with the system coupled to an optical 355 

microscope. The sample preparation for Raman measurements was performed by drop casting a 356 

THF solution onto a clean piece of SiO2/Si wafer (WRS Materials) and leaving the solvent to 357 

evaporate in the open air. Point-based spectra were collected using the 100× objective (N.A. = 358 

0.85), 0.1% of the maximum laser power, and 1 second of exposure time at each pulse, in order 359 

to avoid thermal damage to the sample and interference by fluorescent emission. Each spectrum 360 

was baseline-corrected and normalised (to its own highest intensity band) using the Renishaw 361 

Wire 4.4 software tool. As regards two-dimensional mapping, a line-based laser option was 362 

used (streamline). The experimental conditions were set up in the range of 0.1–1 seconds 363 
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exposure time and 0.05–0.1% of the maximum laser power. The probed areas were 364 

approximately 20–25 mm2. 365 

The XRD patterns were obtained on a PANalytical X'Pert X-ray diffractometer with Cu-Kα 366 

radiation (λ = 1.54056 Å). For this study the optimal parameters were run with an increment 367 

size of 0.01° and an increment scan time of 1 second over a scan range of 3–40 2θ. 368 

Powdery crystals of pure and doped compounds were deposited on a Si zero diffraction plate. 369 

This kind of sample holder has no background noise from 20 to 120 degrees and ensures that 370 

diffraction peaks are obtained from the sample.  371 

Crystal planes of 1 and 2a were assigned for comparison with the corresponding XRD pattern 372 

simulated from their X-ray structures.20b,c,e, 21 373 

UV-vis spectra were recorded on a Jasco V-530 spectrophotometer. Fluorescence spectra were 374 

recorded on a Jasco FP-750 spectrophotometer. In both cases standard quartz cells (1 cm width) 375 

were used. Spectra were recorded at room temperature using solvents of spectroscopic grade.  376 

Fluorescence images for waveguide behaviour were recorded on a ZEISS Axioplan-2 377 

fluorescence microscope with a mercury lamp capable of excitation at any wavelength. 378 

However, a series of filters was used to select the excitation wavelength and absorption. These 379 

correspond to wavelengths in the blue (λexc = 320–380 nm, λem = 410–510 nm), green (λexc = 380 

450–490 nm, λem = 515–565 nm) or red (λexc = 475–495 nm, λem = 520–570 nm). This 381 

microscope was fitted with a shutter that allowed the light to be focused on the desired part of 382 

the crystal. 383 

A Zeiss LSM 800 confocal microscope (Zeiss, Jenna, Germany) with a 10× objective (Plan-384 

Apochromat 10×/0.45 M27) equipped with the ZEN imaging software was used to collect RGB 385 

and spectral images of the microcrystals containing different doping ratios of 2. RGB images 386 

were obtained using three diode lasers (405, 488 and 561) for blue, green and red fluorescence. 387 

Spectral imaging was carried out with laser excitation in the 425–650 nm emission range. A set 388 

of 26 images was obtained, with each image acquired with a separate narrow bandwidth of 8 389 

μM, thus representing the complete spectral distribution of the fluorescence signals. 390 
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